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Abstract: Oligo(m-phenylene ethynylenes) (oligo(m-PE)) with backbones rigidified by intramolecular
hydrogen bonds were found to fold into well-defined conformations. The localized intramolecular hydrogen
bond involves a donor and an acceptor from two adjacent benzene rings, respectively, which enforces
globally folded conformations on these oligomers. Oligomers with two to seven residues have been
synthesized and characterized. The persistence of the intramolecular hydrogen bonds and the corresponding
curved conformations were established by ab initio and molecular mechanics calculations, 1D and 2D *H
NMR spectroscopy, and UV spectroscopy. Pentamer 5, hexamer 6, and heptamer 7 adopt well-defined
helical conformations. Such a backbone-based conformational programming should lead to molecules whose
conformations are resilient toward structural variation of the side groups. These m-PE oligomers have
provided a new approach for achieving folded unnatural oligomers under conditions that are otherwise
unfavorable for previously described, solvent-driven folding of m-PE foldamers. Stably folded structures
based on the design principle described here can be developed and may find important applications.

Introduction Schultz?® oligopyrrolidones by Smitf? anthracene-adduct based

Unnatural oli that fold int ll-defined q oligomers by Winklef! and alkoxy-substitutedrtho-phenylene
nnatural oligomers that told into well-detined secondary ethynylene oligomers by TeW,have also been reported.
structures (foldamers) have attracted intense interest in recent

years!=® Most of the recently described foldamers involve

(11) (a) Bruckner, A. M.; Chakraborty, P.; Gellman, S. H.; Diederichsen, U.

helical conformations that are inspired by the helical and Angew. Chem., Int. EQ003 42, 4395. (b) Park, J. S.; Lee, H. S.; Lai, J.
1 i i i R.; Kim, B. M.; Gellman, S. HJ. Am. Chem. So2003 125, 8539. (c)
multiple hel_lcal structure; found in natuf&Examples of helical Langenhan, J. M. Guzei. 1. A Geliman. S. Magew. Chem.. Int. Ed.
foldamers include3-peptides reported by Gellmdnand See- 2003 42, 2402. (d) Raguse, T. L.; Porter, E. A.; Weishlum, B.; Gellman,
12 ., H P _ H S. H.J. Am. Chem. So@002 124, 12774. (e) Raguse, T. L.; Lai, J. R;;
bachy 14 pept|des by Haness@nand_Seebac#f‘, 0 prtldeS LePlae, P. R.; Gellman, S. KDrg. Lett.2001, 3, 3963. (f) Wang, X. F.;
by Gervay® and Fleet® peptoid oligomers described by Espinosa, J. F.; Gellman, S. H. Am. Chem. So@002 122 4821. (g)
o P : Porter, E. A.; Wang, X. F.; Lee, H. S.; Weisblum, B.; Gellman, SNeiture
Zuckermann and Barroff pyridine—pyrimidine oligomers and 200Q 404 565. (h) Appella, D. H.; Christianson, L. A.; Klein, D. A.;
helical polyheterocyclic strands by LeRKhpligo(pyridine di- E%,h%rsdfd l\él_.) i.; P<|>|wel[l), I%. RB; G%I!mjanj SDBL /Isims. CFgené. ﬁoaggg y
H B : H U ppelia, D. R.; barcni, J. J.; burell, 5. R.; Gellman, S. H.
carb(_)xamldes)_ by Lehn and Hﬁ%,qllgoanthrllamldes by J. Am. Chem. S0d.999 121, 2309. (j) Krauthauser, S.; Christianson, L.
Hamilton?° helicates by LehAt aromatico-peptides by Hué? '(’T() Kowpi:l' % Fle_i.; Gc%"m?n' S. H|J_ ﬁm.KIChemD. Sgd99ﬁ I1319R11|_|719.

. . . ppella, D. H.; Christianson, L. A.; Klein, D.; Powell, D. R.; Huang,
oxa—pe_ptldes by Yang and V\?@l_,and '_\LN'“nkeq 0||gqureas X.; Barchi, J. J.; Gellman, S. HNature1997, 387, 381. () Appella, D. H.;
by Guichard* Many other folding oligomers involving un- Christianson, L. A.; Karle, I. L.; Powell, D. R.; Gellman, S. B.. Am.

V& Chem. Soc1996 118 13071.
natural backbones, such as aedamers developed by VM&rson, (12) (a) Gademann, K.; Hane, A.; Rueping, M.; Jaun, B.; Seebachngew.
N.N-linked oligoureas b NOWiCRﬁ vinvlogous peptides b Chem., Int. Ed2003 42, 1534. (b) Seebach, D.; Schaeffer, L.; Brenner,
! . - 9 ) y ! y g pep y M.; Hoyer, D.Angew. Chem., Int. EQ003 42, 776. (c) Glattli, A.; Daura,
Schreibef’ sulfonopeptides by Gennéfioligocarbamates by X.; Seebach, D.. Gunsteren, W. E.Am. Chem. So@002 124, 12972.

(d) Rueping, M.; Schreiber, J. V.; Lelais, G.; Jaun, B.; Seebackidl..
Chim. Acta2002 85, 2577. (e) Seebach, D.; Brenner, M.; Rueping, M.;

TSUNY, University at Buffalo. Jaun, B.Chem.-Eur. J2002 8, 573. (f) Gademann, K.; Kimmerlin, T.;

* University of Nebraska- Lincoln. Hoyer, D.; Seebach, DI. Med. Chem2001, 44, 2460. (g) Daura, X.;
(1) Seebach, D.; Matthews, J. Chem. Commurl997, 2015. Gademann, K.; Schafer, H.; Jaun, B.; Seebach, D.; Gunsteren, W. F.
(2) Gellman, S. HAcc. Chem. Re<998 31, 173. Am. Chem. So001, 123 2393. (h) Seebach, D.; Brenner, M.; Rueping,
3) Stlgers K. D.; Soth, M. J.; Nowick, J. Surr. Opin. Chem. Biol1999 3, M.; Schweizer, B.; Jaun, BChem. Commurn2001, 207. (i) Abele, S;

Vogtli, K.; Seebach, DHelv. Chim. Actal999 82, 1539. (j) Seebach, D.;
4) H|II D J.; Mio, M. J.; Prince, R. B.; Hughes, T. S.; Moore, J.Chem. Abele, S.; Gademann, K.; Jaun, B.; etahgew. Chem., Int. EA.999 38,

Re; 2001 101, 3893. 1595. (k) Seebach, D.; Ciceri, P. E.; Overhand, M.; Jaun, B.; Rigo, D.;
(5) (a) Sanford, A. R.; Gong, BCurr. Org. Chem2003 7, 1649-1659. (b) Oberer, L.; Hommel, U.; Ametutz, R.; Widmer, Helv. Chim. Actal996

Gong, B.Chem.-Eur. J2001, 7, 4336. 79, 2043. (I) Seebach, D.; Overhand, M.; Kuhnle, F. N. M.; Martinoni, B.
(6) Cheng, R. P.; Gellman, S. H.; DeGrado, W.Ghem. Re. 2001, 101, Hely. Chim. Actal996 79, 913.

3219. (13) (a) Hanessian, S.; Luo, X. H.; Schaum, R.; MichnickJSAm. Chem.
(7) Cubberley, M. S.; Iverson, B. LCurr. Opin. Chem. Biol2001, 5, 650. Soc. 1998 120, 8569. (b) Hanessian, S.; Luo, X. H.; Schaum, R.
(8) Patch, J. A.; Barron, A. ECurr. Opin. Chem. Biol2002 6, 872. Tetrahedron Lett1999 40, 4925.

(9) Schmuck, CAngew. Chem., Int. EQ®003 42, 2448. (14) Seebach, D.; Brenner, M.; Rueping, M.; JaunCBem.-Eur. J2002 8,
(10) Rowan, A. E.; Nolte, R. J. MAngew. Chem., Int. EA998 37, 63. 573.
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Moore et al. established an elegant helical foldamer system benzene rings introduce a curvature into th€®E backbones,

based on solvent-driven folding of helical oligaphenylene
ethynylenes) (oligat+-PE))32 By attaching polar side chains to

which results in helical conformations for oligomers consisting
of greater than six phenylene ethynylene residues. Different from

oligo(m-PE) backbones, the resultant oligomers were found to many other foldamer systems, these helical PE oligomers contain
adopt well-defined conformations in polar solvents. For these a hydrophobic cavity of-8 A across. Studies showed that the
m-PE oligomers, folding was effected by the solvaphobic nature hydrophobic cavities can serve as hosts for a variety of organic

of the PE backbone and the solvaphilicity of the polar side

molecules in polar solvents.

chains. In nonpolar solvents such as chloroform, these PE We have developed helical foldamers based on a strategy of

oligomers were found to be random coils. Thetasubstituted

(15) Szabo, L.; Smith, B. L.; McReynolds, K. D.; Parrill, A. L.; Morris, E. R.;
Gervay, JJ. Org. Chem1998 63, 1074.

(16) (a) Hungerford, N. L.; Claridge, T. D. W.; Watterson, M. P.; Aplin, R. T;
Moreno, A.; Fleet, G. W. JJ. Chem. Soc., Perkin Trans.2D0Q 3666.

(b) Brittain, D. E. A.; Watterson, M. P.; Claridge, T. D. W.; Smith, M. D.;
Fleet, G. W. JJ. Chem. Soc., Perkin Trans.2D0Q 3655.

(17) (a) Patch, J. A.; Barron, A. B. Am. Chem. So003 125 12092. (b)
Sanborn, T. J.; Wu, C. W.; Zuckerman, R. N.; et Biopolymers2002
63, 12. (c) Wu, C. W.; Sanborn, T. J.; Huang, K.; Zuckermann, R. N.;
Barron, A. E.J. Am. Chem. Soc200]1, 123 6778. (d) Armand, P.;
Kirshenbaum, K.; Goldsmith, R. A.; Farr-Jones, S.; Barron, A. E.; Truong,
K. T.; Dill, K. A.; Mierke, D. F.; Cohen, F. E.; Zuckermann, R. N.; Bradley,
E. K. Proc. Natl. Acad. Sci. U.S.A998 95, 4309. (e) Kirshenbaum, K;
Barron, A. E.; Goldsmith, R. A.; Armand, P.; Bradley, E. K.; Truong, K.
T.; Dill, K. A.; Cohen, F. E.; Zuckermann, R. NProc. Natl. Acad. Sci.
U.S.A.1998 95, 4303.

(18) (a) Cuccia, L. A.; Ruiz, E.; Lehn, J.-M.; Homo, J.-C.; Schmutz@¥em.-
Eur. J 2002 8, 3448. (b) Cuccia, L. A.; Lehn, J.-M.; Homo, J.-C.; Schmutz,
M. Angew. Chem., Int. EQ200Q 39, 233. (c) Ohkita, M.; Lehn, J.-M.;
Baum, G.; Fenske, OChem.-Eur. J1999 5, 3471. (d) Hanan, G. S.; Lehn,
J.-M.; Kyritsakas, N.; Fischer, J. Chem. Soc., Chem. Commui995
765.

(19) (a) Berl, V.; Khoury, R. G.; Huc, I.; Krische, M. J.; Lehn, J.-Mature
200Q 407, 720. (b) Huc, I.; Maurizot, V.; Gornitzka, H.; Leger, J. @hem.
Commun2002 578.

(20) Hamuro, Y.; Geib, S. J.; Hamilton, A. 3. Am. Chem. S0d.997, 119,
10587.

(21) (a) Garrett, T. M.; Koert, U.; Lehn, J.-M.; Rigault, A.; Meyer, D.; Fischer,
J.J. Chem. Soc., Chem. Commua®9Q 557. (b) Lehn, J. MSupramo-
lecular ChemistryVCH: Weinheim, 1995 and references therein. (c) Lehn,
J.-M.; Rigault, A.Angew. Chem., Int. Ed. Engl988 27, 1095.

(22) Jiang, H.; Leger, J. M.; Huc, J. Am. Chem. So@003 125, 3448.

(23) (a) Yang, D.; Qu, J.; Li, B.; Ng, F.-F.; Wang, X.-C.; Cheung, K.-K.; Wang,
D.-P.; Wu, Y.-D.J. Am. Chem. S04999 121, 589. (b) Wu, Y. D.; Wang,

D. P.; Chan, K. W. K,; Yang, DJ. Am. Chem. Sod.999 121, 11189.

(24) Semetey, V.; Rognan, D.; Hemmerlin, C.; Graff, R.; Briand, J. P.; Marraud,
M.; Guichard, G.Angew. Chem., Int. E002 41, 1893.

(25) (a) Gabriel. G. J.; Iverson, B. I. Am. Chem. So@002 124, 15174. (b)
Zych, A. J.; Iverson, B. LJ. Am. Chem. So200Q 122, 8898. (c) Nguyen,

J. Q.; Iverson, B. LJ. Am. Chem. S0d.999 121, 2639. (d) Lokey, R. S.;
Iverson, B. L.Nature 1995 375 303.

(26) (a) Nowick, J. S.; Cary, J, M.; Tsai, J. B. Am. Chem. So@001, 123
5176. (b) Nowick, J. S.; Mahrus, S.; Smith, E. M.; Ziller, J. W.Am.
Chem. Soc1996 118 1066.

(27) Hagihara, M.; Anthony, N. J.; Stout, T. J.; Clardy, J.; Schreiber, S. L.
Am. Chem. Socl992 114, 6568.

(28) Gennari, C.; Salom, B.; Potenza, D.; Williams,Angew. Chem., Int. Ed.
Engl. 1994 33, 2067.

(29) Cho, C. Y.; Moran, E. J.; Cherry, S. R.; Stephans, J. C.; Fodor, S. P.;
Adams, C. L.; Sundaram, A.; Jacobs, J. W.; Schultz, PS¢encel993
261, 1303.

(30) Smith, A. B., lll; Keenan, T. P.; Holcomb, R. C.; Sprengeler, P. A.; Guzman,
M. C.; Wood, J. L.; Carroll, P. J.; Hirschmann, R.Am. Chem. S04992
114, 10672.

(31) Winkler, J. D.; Piatnitski, E. L.; Mehlmann, J.; Kasparec, J.; Axelsen, P.
H. Angew. Chem., Int. EQ001, 40, 743.

(32) Jones, T. V.; Blatchly, R. A.; Tew, G. NDrg. Lett.2003 5, 3297.

(33) (a) Cary, J. M.; Moore, J. $rg. Lett.2002 4, 4663. (b) Matsuda, K.;
Stone, M. T.; Moore, J. SI. Am. Chem. So002 124, 11836. (c) Zhao,

D. H.; Moore, J. SJ. Am. Chem. So®002 124, 9996. (d) Hill, D. J.;
Moore, J. SProc. Natl. Acad. Sci. U.S.£002 99, 5053. (e) Tanatani,
A.; Hughes, T. S.; Moore, J. &ngew. Chem., Int. EQ001, 41, 325. (f)
Oh, K.; Jeong, K. S.; Moore, J. Slature 2001, 414, 889. (g) Prince, R.
B.; Moore, J. S.; Brunsveld, L.; Meijer, E. W&hem.-Eur. J2001, 7, 4150.
(h) Brunsveld, L.; Meijer, E. W.; Prince, R. B.; Moore, J.B53Am. Chem.
Soc.2001, 123 7978. (i) Tanatani, A.; Mio, M. J.; Moore, J. S. Am.
Chem. Soc2001, 123 1792. (j) Lahiri, S.; Thompson, J. L.; Moore, J. S.
J. Am. Chem. So@00Q 122, 11315. (k) Mio, M. J.; Prince, R. B.; Moore,
J. S.; Kuebel, C.; Martin, D. CJ. Am. Chem. So@00Q 122, 6134. (I)
Yang, W. Y.; Prince, R. B.; Sabelko, J.; Moore, J. S.; Gruebele].Mm.
Chem. Soc200Q 122, 3248. (m) Prince, R. B.; Barnes, S. A.; Moore, J.
S.J. Am. Chem. So@00Q 122 2758. (n) Prest, P. J.; Prince, R. B.; Moore,
J. S.J. Am. Chem. S0d.999 121, 5933. (0) Prince, R. B.; Saven, J. G.;
Wolynes, P. G.; Moore, J. S. Am. Chem. S0d.999 121, 3114. (p) Gin,
M. S.; Yokozawa, T.; Prince, R. B.; Moore, J. B.AmM. Chem. S0d.999
121, 2643. (q) Prince, R. B.; Okada, T.; Moore, J.Agew. Chem., Int.
Ed. 1999 38, 233. (r) Nelson, J. C.; Saven, J. G.; Moore, J. S.; Wolynes,
P. G.Sciencel997 277, 1793.

backbone-rigidificatior?:3 By incorporating intramolecular H-
bonds along the backbone of aromatic oligoamides, we obtained
oligomers whose backbones were forced to adopt crescent or
helical conformations. By tuning the curvature of the backbone-
rigidified oligoamides, nanosized cavities of 10 and 30 A across
have been created. Large cavities or channels, which are usually
found at the tertiary and quaternary structural level of biopoly-
mers, have been realized in few unnatural foldamer systems.
Our folding oligoamides, along with the helical foldamers
described by Leh#$ and Moore3® represent one of the few
helical foldamer systems with large cavities. Besides, our
crescent oligoamide system also allows the tuning of cavity
sizes.

It is known that a very small barrier{0.6 kcal/mol) exists
for the internal rotation of diphenylacetyleffeAs a result, the
conformations of simple- andm-PE oligomers and polymers
are expected to be very flexible and random. By incorporating
an intramolecular H-bond into diphenylacetylene, the resulting
2d should adopt a well-defined conformation that is enforced
by this additional noncovalent interaction. Indeed, Kemp
reported that diphenylacetylene such2ds with its intramo-
lecular H-bond, adopted a H-bonded conformation and could
serve asf-turn mimetics®® Introducing such intramolecular
H-bonding interactions into longen-PE oligomers should thus
limit the internal rotation of the backbone, leading to well-
defined (folded) conformations.

CHs  Hy Hs
0

O-+H

H}O
+ Hg

2b' 2¢

2a'

We reported our preliminary studies on folding-PE
oligomers based on backbone-rigidificatifi By introducing
intramolecular H-bonds along the+PE backbonesm-PE
oligomers adopting well-defined, folded conformations in the
nonpolar chloroform were obtained. Depending on chain length,
crescent and helical conformations with a well-defined cavity

(34) (a) Yang, X. W.; Martinovic, S.; Smith, R. D.; Gong, B. Am. Chem.
So0c.2003 125 9932. (b) Yang, X. W.; Brown, A. L.; Furukawa, M.; Li,
S.; Gardinier, W. E.; Bukowski, E. J.; Bright, F. V.; Zheng, C.; Zeng, X.
C.; Gong. B.Chem. Commur003 56. (c) Gong, B.; Zeng, H. Q.; Zhu,
J.; Yuan L. H.; Han, Y. H.; Cheng, S. Z.; Furukawa, M.; Parra, R. D;
Kovalevsky, A. Y.; Mills, J. L.; Skrzypczak-Jankun, E.; Martinovic, S.;
Smith, R. D.; Zheng, C.; Szyperski, T.; Zeng, X.Roc. Natl. Acad. Sci.
U.S.A.2002 99, 11583. (d) Parra, R. D.; Zeng, H. Q.; Zhu, J.; Zheng, C;
Zeng, X. C.; Gong, BChem.-Eur. J2001, 7, 4352. (e) Parra, R. D;
Furukawa, M.; Gong, B.; Zeng, X. @. Chem. Phys2001, 115 6030. (f)
Parra, R. D.; Gong, B.; Zeng, X. @. Chem. Phys2001, 115 6036. (g)
Zhu, J.; Parra, R. D.; Zeng, H.; Skrzypczak-Jankun, E.; Zeng, X. C.; Gong,
B. J. Am. Chem. So200Q 122 4219.

(35) Okuyama, K.; Hasegawa, T.; Ito, M.; Mikami, N. Phys. Chem1984
88, 1711.

(36) Kemp, D. S.; Li, Z. QTetrahedron Lett1995 36, 4175.
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0 b

that introducing one intramolecular H-bond into longPE ,&0 N wo_ o M P

oligomers led to enhanced stabili§? As compared to the B EO—Q—(O ,4(\56/40 S a2

solvent-driven PE foldamers established by the Moore group, e T Nkt Bt

the folding of our backbone-rigidified+PE oligomers is based 2 2 3 EtN; O

on a different mechanism that involves intramolecular H-bonds " o

incorporated into the backbone. The effects of solvents on the LN g_}=° %0 2"
C:

folding of our PE oligomers are thus opposite to those of the Hac—/<: oo D ("“’ wo. 0 . o ;
i B o 7 OR?

of 8 A in diameter were obtained. Moore et al. also described H:c)= HC 20 o
N

o

Moore system: In nonpolar solvents such as chloroform, our o

PE oligomers are stably folded due to the presence of intramo-n‘o—f0 ¢ C? Hé'Nﬂ(cHa j’LN ¢ ©
t4
N3

at

lecular H-bonds, while the PE foldamers described by Moore n . o
3 2
Ef

a2 i N s
are folded in polar solvents and denatured in chloroform. o R,O)Dl\©n 5 ] Na’ az\‘g
In this Article, we describe the detailed design, preparation, wsy * M Pore
and characterization of a series of our backbone-rigidifigelE
oligomers. Specifically, oligomei 3, 4, 5, 6, and7 containing Q. p )=0
two, three, four, five, six, and seven benzene rings, respectively, H6—4 OCH
were designed on the basis of these considerations: (1) To H )

facilitate the comparison of chain-length-dependent changes by R’o—é & j ‘u-<o
6 at az2

1

1D and 2D NMR, the two different termini of each of the
oligomers were designed to be consistent across this series of N

oligomers, which allows the “terminal” aromatic prototis- Q n_ge
t4 andal—a2 to be directly comparable among the oligomers. Re Q="
(2) The carbonyl oxygen atoms of benzoate ester groups should o= ° ‘or'
act as the acceptors for intramolecular H-bonds. Ester groups

were chosen to avoid any potential steric hindrance that may wo M8
exist between the benzamide proton (or large N-substituent) and o 0 H-N
the neighboring aromatic protons. (3) Finally, benzoate ester "“ch{§

(]

groups were chosen on the basis of the long-term consideration . o G Nt

of preparing a variety of oligomers with different side chains b LS Ec@_‘(o R = {CHOH0)CH

via simple transesterification reactions. AW Hso~) o o R2=.nCgHyy
Oligomers2—6 were examined by computational studigs, "¢ " "W

NMR, and UV spectroscopy. The results obtained are fully A'd E“Q"}rcﬂg

consistent with the expected H-bonded conformations. The ol o °

newly synthesized heptam@rhas been characterized By o

NMR, mass spectqmetry, and UV spectroscopy. The Successmloctanol. Couplingli with (trimethylsilyl)acetylene gavék,

development of this new foldamer system based on the PE vhich was converted intdm and 1n by hydrolysis and

backbone, along with the system we developed before, dem'treatment with methyl iodide. Based on monom&tslm, and

onstrates that backbone-rigidification by noncovalent interactions 1n, oligomers2—6 were synthesized by Sonogashira coupling
should be applicable to a variety of different oligomers, leading reéctions
to foldamers with different properties and applications.

C=C

H
Ha

As shown in Scheme 2, couplirign and1n led to dimer2e
that was deprotected to gi2é. Treating2f with esterlp, which
was obtained from the commercially available abairesulted

Synthesis. The synthesis of monomer building blocks is in trimer 3. Dimer 2 was obtained by couplindp with 1I.
shown in Scheme 1. Methyl 3-nitrobenzoate was hydrogenated Treating3 with methyl iodide led to the iodid8a Trimer 3a
in the presence of acetic anhydride to gite, which was  was then converted to tetraméand pentame$ by coupling
nitrated to givelb. Compoundlb was then deprotected with ~ with 1m and2f, respectively.

H,SQ, in methanol, and the produtt was converted intdd Scheme 3 shows the preparation of hexafero increase

by iodination. Treatind.d with acetic anhydride in the presence the *H NMR signal dispersion o6 and to test a strategy of

of H,SQy in CH.Cl, led to 1ethat was reduced tbf. Conversion segment condensation involving longer intermediates, hexamer

of 1f into 1g was realized by treatingf with HNO, followed 6 was synthesized by first preparing another trimeric intermedi-

by EtNH. Pd-catalyzed Sonogashira coupfihg@f 1g with ate 3c. Coupling 1l and 1m gave dimer2g, which was

(trimethylsilyl)acetylene gavéj which was converted to iodide ~ hydrolyzed to2h. Trimer 3c was obtained by hydrolyzingb,

11 using methyl iodidé® Compoundlg was then converted to ~ which in turn was from couplingh with 1n. The Pd-catalyzed

the octyl estedi by hydrolysis followed by esterification with  coupling of trimers3c and3awent smoothly, leading to hexamer

6 in 73% vyield.

(37) (a) Sonogashira, K. I€omprehensie Organic SynthesisTrost, B. M., Heptamel7 was prepared in 22% yield by coupling dintr
T e e s ot oy, P, Do oo and pentameSa, which in turn were prepared on the basis of
27, 127. (c) Sonogashira, K. Metal-Catalyzed Cros€oupling Reactions similar procedures used for preparizgigand5 (Scheme 4). The
Diederich, F., Stang, P. J., Eds.; Wiley-VCH: Weinheim, 1998; p 203.  a5+tion conditions for preparing are being optimized to

(38) Zhang, J.; Pesak, D. J.; Ludwick, J. L.; Moore, JJSAm. Chem. Soc. . ;
1994 116, 4227. achieve a better yield.

Results and Discussion
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Scheme 1
O,N COOCH; g AcHN COOCH; o .50, AcHN COOCHs oy oHH,S0,
EEEEE——— —_— —_—
Ac,0, EtOAc A
NO,
1a
COOCH AcHN COOCH
H2N\©[COOCH3 cl HZN:GECOOCHa Ac,0/CH,Cl, :@[ 3 3
—_—
NO, AcOH | NO, H,S0, ‘EOHACOH | NH,
1c 1d 1f
AcHN COOCH; (1) NaOH/H,O (1N) AcHN COOH n-CiH,,0H  AcHN CO,CeHs;
(1) NaNO,, HCI jij[ (1 NeOHH.O (N :@: DCE/DMAP j@[
—_— —_—
(2) ELNH, K,CO, | NaEt, (2) HCIH,0 [ N,Et, CH,Cl, [ N,Et,
1g 1h 1
Pd PPh;),Cl
Pd(PPhy).Cl )2Cl
Cﬂf )2Cle Me,Si H Me;Si
Et,N EtaN
OCgHy
AcHN COOCH, AcHN K,COj, AcHN COOCgH,;
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Computational Studies.We previously demonstrated results a completely planar conformation due to the presence of the
from ab initio molecular orbital calculatioffsthat2a adopted intramolecular H-bond in its structu?é This result was
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supported by the X-ray structure of a dimer. A more detailed 8 . T
calculation indicated that interrupting the intramolecular H-bond
of 2d by rotating around one of the-&Ph bonds led to the el u
conformation2¢ which was significantly less stable. Deviation =
from the planar conformation by distorting and eventually £
interrupting the intramolecular H-bond led to a rapid increase g 4r 719 kealimol -
in energy. An energy difference of 5.78 kcal/mol was found g
between optimized conform@e and optimized conformetc. e ol i
A rotational barrier of 7.19 kcal/mol exists between optimized w
2d and unoptimize@c (Figure 1), suggesting that the H-bonded | .
2d should be overwhelmingly favored over other conformations 0 0 80 120 180
that involve the interruption of the intramolecular H-bonds '
: (2a") Dihedral angle (°) (2¢")

To probe the conformations of longer oligomers, molecular
mechanics calculations (MM3 force field) were carried out on
analogues of4, 5, 6, and 7. Figure 2 shows the energy-
minimized conformations of these four oligomers. The tetramer
adopts a planar, crescent conformation that is rigidified by

intramolecular H-bonds (Figure 2a). The pentamer, on the other

hand, adopts a helical conformation already (Figure 2b).

Although the PE backbone of the pentamer is not long enough

for it to adopt a helical conformation, the presence of the

(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Rega, N.; Salvador,
P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.
B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin,
R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara,
A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M.
W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople,
J. A. Gaussian 98revision A.11; Gaussian, Inc.: Pittsburgh, PA, 2002.
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Figure 1. The energy of the various conformers betw@ahand2c as a
function of the degree of rotation about the-R& bond.

diethyltriazenyl group adds additional length, leading to a helical
conformation in which the two methyls of the diethyltriazenyl
group and the other end of the molecule are brought into close
proximity. The hexamer, in combination with its diethyltriazenyl
tail, is long enough to adopt a helical conformation (Figure 2c).
In this conformation, the diethyltriazenyl group overlaps more
significantly with the other end of the molecule. The backbone
of the heptamer is long enough, which allows a stacking
interaction between the terminal aromatic rings (Figure 2d). A
helical pitch of~3.4 A is observed for this heptamer.
One-Dimensional (1D)'H NMR Spectroscopy.In chloro-
form, the'H NMR spectrum of heptaméerf shows extensive
signal-overlap and line-broadening, which prevents proper
assignment of the spectrum. Therefore, onlythélMR spectra
of oligomers2—6 are compared. In Table 1, the chemical shift
values of the amidéH signals oflk and oligomer2—6 are
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Figure 2. The energy-minimized (MM3 force field) conformations of (a) a tetramer, (b) a pentamer, (c) a hexamer, and (d) a heptamer with their backbones

corresponding tel, 5, 6, and7 with methyls on the ester side chains.
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Figure 3. Concentration-dependent changestafchemical shifts of (a) amide protodsand (b) amide protona, d, ande, and aromatic protontl—t4

of 6.
Table 1. Chemical Shifts of Amide Protons?
oligomer Ha Hb He Hd He
6 9.11 9.45 9.44 9.11 8.98
5 9.48 9.46 9.43 9.28
4 9.49 9.46 9.29
3 9.45 9.27
2 9.27
1k 7.92

aMeasured at room temperature, 1 mM in CB@E00 MHz).

listed. As compared to the chemical shift of the amide proton
of 1k, which cannot form any intramolecular H-bond, the amide
protons of oligomers2—6 showed significant X1 ppm)
downfield shifts, consistent with the expectation that these NH
groups are involved in intramolecular H-bonding interactions.
Upon diluting a sample of tetramdrfrom 8 to 0.125 mM
(CDCl, 295 K, 500 MHz), the three NH signals df show
very small downfield shifts of 0.016 @), 0.016 (Hb), and 0.01
(Hc) ppm, respectively (Figure 3a), typical of amide protons
involved in intramolecular H-bonding interactions. Similar to

those of4, the amide protons & Hd, and H of hexamer6
also demonstrate downfield shifts from 8 to 0.125 mM (Figure
3b). However, unlike the small shifts of the NH signals of
tetramers, the three resolved NH signals ®@show much larger
concentration-dependent shifts of 0.344afH0.338 (Hl), and
0.287 (H) ppm. The downfield shifts of the NH groups upon
diluting the solution of} or 6 suggest that they are not involved
in intermolecular H-bonding, because interrupting intermolecular
H-bonds should lead to upfield, rather than downfield, shifts of
the NH signals. Instead, these downfield shifts of NH signals
are consistent with the interruption of intermolecular
stacking interactions at low concentrations. That the observed
changes in the shifts of amide protons are not related to
H-bonding is further confirmed by examining aromatic protons
t1—t4 of 6. From 8 to 0.125 mM, protontl—t4 showed the
same nonlinear, downfield shifts as those of amide progns
d, ande, indicating that the observed shifts of the amide protons
were not due to H-bonding.

Variable-temperaturtH NMR measurements (2 mM, CD4I
500 MHz) of the amide proton signals of tetrardend hexamer
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Figure 5. H chemical shifts (1 mM, CDG) 500 MHz, 295 K) of (a) protontl—t4 andal—az2 versus chain length of oligomeBs-6, and (b) the methyl
(MelandMe2) and methyleneNletl and Met2) protons of the diethyltriazenyl group.

6 provided additional evidence for the prevalence of intramo-

lecular H-bonds (Figure 4). From20 to 60°C, the three amide
NH signals of4 show small upfield shifts of-2.25 x 1073
(Ha), —2.23 x 1078 (Hb), and —2.29 x 103 (Hc) ppm/K

H-bonding34d40 In comparison, aromatic protori$—t4 have

downfield shifts of 4.06x 1072 (Ha), 4.25 x 1072 (Hd), and

A more detailed examination revealed (Figure 4b) that the
NMR signals of proton$2 andt3 showed obvious downfield
shifts with rising temperature, protah was less sensitive, and
protont4 showed the least change in its position. In contrast,
(Figure 4a). These values are typical of intramolecular the corresponding protons—t4 of tetramer all showed almost
no temperature-dependent shifts. This suggests that the end
almost no temperature-dependent change. Instead of movingprotonstl—t4 of 6 are located in a local environment that is
upfield, the amide NH protors d, ande of hexamei6 showed

different from those of other shorter oligomers sucltaslost
likely, this local environment that is unique ®is due to its

2.07 x 1072 (He) ppm/K, as the temperature was raised (from length and folded conformation: the backbone6ofs long

—20 to 60 °C in CDCk) (Figure 4b). A similar trend of  enough to bring its two ends into close proximity. Consistent
temperature-dependent downfield shifts is associated with thewith this picture, proton& andt3, which are at the very tip of
aromatic protongl—t3 of 6, suggesting that the observed shifts the molecule, shifted more significantly than protéhsindt4.

of amide protons are not due to the interruption of intramolecular If the observed downfield shifts of the aromatic end proton
H-bonding. These observations are most likely the results of signals of6 were due to a folded conformation, the chemical
two opposite trends: (1) the small upfield shifts of the intra- shifts of these proton signals should be sensitive to a change in
molecularly H-bonded amide protons 6fas the temperature  temperature. The folded conformation will be partially inter-
was raised, and (2) the downfield shifts of almost all of the rupted (or “denatured”) at raised temperatures, which should
protons of6 due to the disruption of intermolecular aromatic change (increase) the distance between the two ends and should
stacking interactions at elevated temperatures. Obviously, be-thus cause théH NMR signals of the end protons to move
tween the two trends, interruption of the intermolecular interac- downfield. This is, as shown in Figure 4, indeed the case.

tion at elevated temperatures played the dominant role in  comparing the chemical shifts of aromatic protehst4 and

affecting the'H chemical shifts of hexames.

(40) Gong, B.; Yan, Y.; Zeng, H.; Skrzypczak-Jankunn, E.; Kim, Y. W.; Zhu,

J.; Ickes, H. AJ. Am. Chem. So0d.999 121, 5607.
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al—a2 on the termini of oligomer2—6 reveals the effect of
chain length on the resonances of these protons (Figure 5a).
An interesting trend is observed: from din&to tetramer4,
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Figure 6. Partial NOESY spectrd (8 mM in CDCk, 500 MHz, 263 K, mixing time: 0.3 s) revealing the side-chain NOE contacts of (a) tetd@mer
(b) pentameb, and (c) hexameB. The contacts between ester protoo} énd the amide methyl protons are shown in the structures. These contacts are

indicated by arrows in the spectrum.

the chemical shifts of protoresl—a2 andt1—t4 show very little
changes. In contrast, the end protons of pentdmeove slightly
upfield as compared to those 2f-4. As compared t®, the
corresponding protons of hexam@&have shifted significantly

to upfield positions. The shifts are particularly substantial (up
to 0.5 ppm) for protons$2 andt3. The same trend of upfield
shifts is observed for the methyWiglandMe2) and methylene
(MetlandMet2) protons of the diethyltriazenyl groups (Figure
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Figure 7. Partial NOESY spectrd (8 mM in CDCk, 500 MHz, 263 K, mixing time: 0.3 s) revealing the presence of end-to-end NOE contacts in
(a) hexamel (8 mM in CDCk, 500 MHz, 263 K, mixing time: 0.3 s), (b) pentam&rand (c) the absence of such NOEs in the spectrum of tetrdmer
These NOEs are indicated by arrows in the spectrum.

5b): while those 02—4 remain constant, those bfand6 show Two-Dimensional (2D) NMR SpectroscopyTetramerd was
upfield shifts. Shifts up to 0.7 ppm are observed for the methyl first examined by 2D (NOESYJH NMR studies (Figure 6a).
protons. These results can only be explained by the correspond-The three acetamido methyl signaége, bwve, Cve, appear at

ing oligomer’s adopting a curved backbone: while oligomers 2.449, 2.483, and 2.487 ppm as three peaks, two of which
2—4 are not long enough, pentam&ris long enough for its partially overlapped each other. The NOEs (indicated by arrows)
two termini to approach (or “feel”) each other; hexanter  are well separated in the NOESY spectrum. These NOESs include
reaches a length which, in combination with its rigidified the side-chain contacts between prot@gg, bve, andcye of
(curved) backbone, allows its two otherwise remote termini to the acetamido methyl groups and teCH, groups (1, a2,

be brought into close proximity. This folded conformation anda3) of the ester side chains.

caused the pronounced upfield sHittef the corresponding
aromatic protons on the two termini 6f (41) Perkins, S. JBiol. Magn. Reson1982 4, 193.
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Figure 8. UV spectra of (aR—6 at 10uM in chloroform; (b)2—7 at 2uM in chloroform; (c)2—6 at 2uM in chloroform at 60°C; (d) 2—7 at 2uM in
chloroform/methanol (v/v 1/1).

For pentameb, NOEs between the acetamido methyl protons between the amide NH protons and the protons of the ester side
(ame, bwe, Cme, @and dye) and theo-methylene protons of the  chains could not be clearly identified due to overlap of the
ester groups are observed (Figure 6b). Unfortunately lthe  signals.
signals of then-methylene groups2, a3, ando4 overlap. As Comparing the NOESY spectrum df to that of 5 or 6
a result, only two, instead of the expected three, NOE cross- revealed a significant difference (Figure 7): NOEs between
peaks are detected. Another cross-peak that is well separateghrotons of the two diethyltriazenyl methyl groupdet andMe?)
represents the contact between the protons of meklyhand and protortl of 6 (Figure 7a), or between protons ke and
methylenen4. Although signal overlap prevents the NOES from  \e2 andt2 (or t3 or both) of5 (Figure 7b), are observed. These
being clearly assigned to individual side-chain contacts, the NOEs are absent in the NOESY spectrum4ofFigure 7c).
number and intensities of the detected NOEs are consistent withathough the upfield shifts of protonal andtl of 6 lead to
the expected four amideester side-chain contacts. Among the  {he gverlap of theifH NMR signals, the observed NOEs can
three NOEs, the intensity of the largest cross-peak is about twice gy he those between protah and the protons ofMe! and
those of the other two, indicating that this largest cross-peak is \1e2. The reason is that in the NOESY spectrum of either
the result of two sets of amideester contacts. 5, no NOEs are observed between progdrand those oMe!

Among the five estea-methylene groups @, the'H signals ~ andMe2. The end-to-end NOEs observed fdand6 provide
of three (2—o4) overlap in the corresponding 1D NMR  additional convincing evidence for the proposed, rigidified
spectrum. Nevertheless, the five amidester side-chain NOE  packbones of these oligomers. The backboné isftoo short
contacts of hexameg are clearly discerned by NOESY. These for its two ends to be in close proximity. As results from the
correspond to the side-chaiside-chain contacts between the  apove molecular mechanics calculation show, pentafer

protons of the five acetamido methyl groupid, bue, Cue, dve, already adopts a helical conformation due to the presence of
and eve) and the five esten-methylene groupsol—as5) of the diethyltriazenyl group. This is confirmed by the detection
the ester groups (Figure 6¢). No attempts were made to assignyf NOEs between the methyl protons and prot@nor t3.

all of the NOEs to their corresponding contacts. Consistent with its longer backbone, hexardirings its two

These side-chain NOE contacts are consistent with the ends into close proximity in such a way that the end-to-end
existence of the intramolecular H-bonds, which are consistent contacts are now between prottin instead of protori2 or t3
with curved conformations adopted by oligomérss, and6. (as for pentames), and those oMe! andMe2. To placeMet

In the NOESY spectrum of, NOEs between the three amide andMe? closer totl rather than td2 andt3, hexamer6 must
protonsa, b, andc and the estem-CH, groups are also observed adopt a helical conformation, which is fully consistent with the
(data not shown). In the NOESY spectra ®fand 6, NOEs above results from computational and 1D NMR studies.
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UV Spectroscopy.The UV spectra of oligomer&—7 in generated. A variety of applications, for example, the design
chloroform are shown in Figure 8. Each of the six compounds of novel hosts, sensors, and porous materials, can be envisaged.
shows a very strong absorption band~&30 nm. The shapes
of the spectra of dimep, trimer 3, and tetrame# are very Experimental Section
similar. However, a new band appears for pentafar~370 General. All chemicals were purchased from Aldrich or Acros and
nm and more so for hexamér The 370-nm shoulder fds or were used as received unless otherwise noted. Triethylamine was dried
6 Sh0U|d not be due to Interm0|ecu|al‘ Intel‘aCtlon because thefrom sodium and degassed before use. The Coup”ng reactions were
concentrations used for measuring the UV spectra are alreadycarried out under dry argon. All reactions were followed by thin-layer
very low (Figure 8a, 1&M) and diluting the samples to2M chromatography (precoated 0.25 mm silica gel plates from Aldrich),
led to a set of spectra of nearly identical shapes (Figure 8b). and silica gel column chromatography was carried out with silica gel
Recording the UV spectra at an elevated temperaturé@0 60 (mesh 230-400). ARH NMR and**C NMR spectra were recorded
only slightly weakened the 370-nm bands5&nd 6 (Figure on a Varian Unity INOVA-500 spectrometer (500 MHz). NMR
8c). In spectra recorded in the mixed solvent of chloroform/ chemical Shlﬁ§ are reported_ in ppm relgtlve to internal standard_TMS,
methanol (1:1), the shapes of the spectra2ef4 remain am.j t.he coupling ConStan.l' Is reported n hertz. (Hz). The fonowmg_
unchanged in this mixed solvent (Figure 8d). The presence ofspllttlng patterns.are desn_gnated as s, singlet; d, doublet; t, trlplet_, a,
methanol in chloroform should weaken the intramolecular (él;?;t%t(’) %Si%id;?écr;ggzlgr' UV spectra were recorded on a Varian
H-bonds and may thus disturb the folde_d pqnformatlons_,. In_deed, Methyl 5-Acetylaminobenzoate (1a)Compoundla was synthe-
the 370-nm bands &andé6 are greatly diminished. Considering g 4 starting from commercially available 3-nitrobenzoic acid which
the structural similarity between oligomegs-6, these UV was initially esterified (98.9%) followed by reduction of the nitro group
results suggest that the 370-nm shoulders5ofind 6 in and protection of the corresponding amino group using acetic anhydride
chloroform seem to be associated with their two termini that (94.3%) to afford a white solid. TLCR = 0.40 (petroleum ether/
are brought into close proximity by the corresponding folded EtOAc, 1/2).*H NMR (500 MHz, CDC}): 6 2.20 (s, 3H, Ac), 3.90
conformation. (s, 3H, MeO), 7.39 (t, 1H, ArH), 7.65 (s, 1H, NH), 7.78 (d, 1H, Ar

The 370-nm bands are thus very likely the results of exciton H:J=7.5Hz), 7.92(d, 1H, ArH, J = 7.5 Hz), 8.02 (s, 1H, ArH).
coupling between the two termini, which act as two component ~Methyl S-Acetamido-2-nitrobenzoate (1b).Compoundla (35 g,
chromophores, each Bfand6. Thus, the closer the two termini 181 mmol) was added to concentrategSi, (120 mL) cooled in an
are in an oligomer, the more obvious (or stronger) this band ice—water bath. To this solution, a cooled mixture of.70% I-hNﬂZQ.S_
may become. If this is the case, the 370-nm band should bemL) and conientratedzlsq (58 .mL) was addeq dropwise O.Vera'.oe”c’d
enhanced in the UV spectra of PE oligomers longer tiand of 0.5 h at 0°C. After being stirred for 20 min, the reaction mixture

) . : . was poured into cracked ice (1 kg), and the mixture was extracted with
6. This expectation is confirmed by the UV spectrum of the  gichioromethane (150 mix 3). The combined extracts were then

newly synthesized heptameérin chloroform, the 370-nm band  \ashed with agqueous NaHG@nd water, respectively, dried over
is further enhanced in the spectruménd, similar to5 and anhydrous Ng8O,, filtered, and concentrated to provide a brown
6, is significantly weakened in the presence of 50% methanol residue. The resulting solid was recrystallized from dichloromethane
in chloroform. This band at 370 nm could serve as a convenient to afford 24 g (55.7%) oflb as a pale yellow needle. TL& = 0.36
spectroscopic means for the rapid assay of the folding of higher (petroleum ether/EtOAc, 1/3}H NMR (500 MHz, CDC}): ¢ 2.24
homologues . For oligomers carrying chiral side-chain groups (8: 3H, Ac), 3.93 (s, 3H, MeO), 7.61 (d, 1H, AH), 7.86 (dd, 1H,
that induced the twist sense bias in the backbones, excitonAr—H), 7.94 (b, 1H, NH), 7.98 (d, 1H, ArH, J=7.5 Hz).1*C NMR

: : (125 MHz, CDC}): ¢ 25.11, 54.03, 119.49, 121.18, 126.35, 130.37,
gggslmg can be detected even more clearly using CD spectros 142.46, 143.55, 167.28, 167.78.

Methyl 5-Amino-2-nitrobenzoate (1c).To a solution oflb (2.17
Conclusions g, 9.12 mmol) in MeOH (50 mL) was added concentrate8®} (0.9

. o . mL) with stirring. The solution was refluxed for 0.5 h, and the solvent
Strong intramolecular H-bonds act to rigidify the otherwise ;.5 removed in vacuo to provide a pale yellow oil. The oil was

flexible conformations of oligatrphenylene ethynylenes), lead-  gissolved in dichloromethane (30 mL) and washed with Nakj@@ter,

ing to folded conformations from the dimer up. This study has and brine. After being washed, the organic layer was dried over Na
demonstrated the feasibility of designing backbone-rigidified SO, and filtered. The filtrate was then concentrated in vacuo to yield
PE oligomers with stably folded, crescent or helical conforma- a light yellow solid, which was recrystallized from EtOAc to afford
tions. Extending the design principle to longer oligomers and 1.65 g (92.3%) ofic as a colorless solid. TLG = 0.24 (petroleum
polymers is the obvious next step. Furthermore, by incorporating ether/EtOAc, 3/2):H NMR (500 MHz, CDC): 6 3.92 (s, 3H, MeO),
building blocks with the two ethynyl linkages being placed in  4-56 (5'12"" NH), 6.61 (m, 2H, A."'_H)' 7.94 (d, 1H, AFH, J =

a para-geometry on the same benzene ring, the curvature of 51)'352";21)' EF%R &2755'\2"'2' CDCY: 053.19,112.99, 114.31, 127.23,
the _backbones can be adju.st_e(_j.. Tf_]is, combined with the I\/ietf;yl 5-An1’ino-4--i0(.10-2-nitrobenzoate (1d). To a vigorously
Ira(;iltlZ;dpréa:]u;ﬁczl;tﬁiiﬁ?g?geern?r:?:rlif)?“c?;v,i'?ggyvﬁhtizengsygllggs stirred solution oflc (4.42 g, 22.6 mmol) in glacial acetic acid (20

A . mL) was added dropwise a solution of ICI (3.67 g, 22.6 mmol) in glacial
of PE foldamers, with their unsaturated (fluorescent) backbones, ,cetic acid (5 mL). After 10 min, a yellow precipitate appeared, and

is reminiscent of helicené8 By incorporating chiral side chains,  the solution was allowed to stir for another 12 h. Upon completion,
it should be possible to control the twist sense bias of oligomers the yellow solution was poured into water (50 mL) and filtered to yield
with lengths over one helical turn. Helical materials with a yellow solid, which was recrystallized from MeOH to afford 5.7 g
interesting chiroptical properties may result. A more exciting (78.3%) of the yellow solidd. TLC, R = 0.42 (petroleum ether/EtOAc,
prospect involves the well-defined, large hydrophobic cavities 3/2).*H NMR (500 MHz, CDC}): 6 3.91 (s, 3H, MeO), 4.88 (b, 2H,
NH,), 6.73 (s, 1H, Ar-H), 8.42 (s, 1H, A-H). 3C NMR (125 MHz,

(42) Katz, T. JAngew. Chem., Int. EQ00Q 39, 1921. CDCly): 653.57,81.67,94.81,111.87, 114.38, 131.46, 136.17, 151.61.
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Methyl 5-N-Acetylamino-4-iodo-2-nitrobenzoate (1e)To a solu- (40 mL) was stirred fol h atroom temperature, to which were added
tion of 1d (1.6 g, 4.97 mmol) in dichloromethane (15 mL) was added n-octanol (1.11 g, 8.54 mmol) and more DCC (1.6 g, 7.77 mmol),
concentrated k8O, (0.85 mL) at 0°C. After 5 min, a solution of acetic respectively. The reaction mixture was stirred for 48 h at room
anhydride (1.17 mL, 12.38 mmol) in dichloromethane (5 mL) was added temperature, filtered, and concentrated to give a red oil, which was
dropwise at 0°C. Upon addition, the mixture was warmed to room purified by silica gel flash column chromatography (petroleum ether/

temperature and stirredifd h until completion was detected by TLC.
The resulting solution was washed with water, aqueous Naji@l
brine, dried over anhydrous b&0s, and filtered. The resulting filtrate
was evaporated in vacuo to yield a pale yellow solid, which was
recrystallized from MeOH to afford 1.6 g (93.8%) @& as a white
solid. TLC, R = 0.48 (petroleum ether/EtOAc, 1/2% NMR (500
MHz, CDCL): ¢ 2.31 (s, 3H, Ac), 3.93 (s, 3H, MeO), 7.71 (b, 1H,
NH), 8.44 (s, 1H, Ar-H), 8.67 (s, 1H, Ar-H). 1°C NMR (125 MHz,
CDCly): 0 25.56, 53.97, 89.43, 119.96, 130.55, 135.17, 142.45, 143.53,
166.02, 168.91.

Methyl 5-N-Acetylamino-4-iodo-2-aminobenzoate (1f)To a mix-
ture of 1e (5.6 g, 15.4 mmol) in absolute ethanol (88 mL) and glacial
acetic acid (88 mL) was added iron powder (2.58 g, 46.7 mmol). The
mixture was then heated to reflux for 2 h. The red reaction solution
was allowed to cool to room temperature, diluted with water (300 mL),
and extracted with dichloromethane (100 nx.3). The combined

EtOAc, 4/1) to provide 3.27 g (85.3%) @&f as a pale yellow oil. TLC,

R: = 0.33 (petroleum ether/EtOAc, 2/2H NMR (500 MHz, CDC}):

6 0.88 (t, 3H), 1.22-1.39 (m, 16H), 1.72 (m, 2H), 2.20 (s, 3H, Ac),
3.75 (b, 4H, CH), 4.23 (t, 2H, CHO), 7.42 (s, 1H, Ar-H), 7.87 (s,

1H, NH), 8.37 (s, 1H, Ar-H). 3C NMR (125 MHz, CDC{): ¢ 11.46,
14.33, 14.78, 22.88, 24.93, 26.12, 28.89, 29.39, 29.50, 32.03, 41.91,
49.40, 65.59, 94.02, 122.07, 127.97, 128.93, 134.83, 146.79, 167.85,
168.23.

Octyl 5-N-Acetylamino-2-[3,3-diethyl-1-triazenyl]-4-[2-(1,1-tri-
methylsilyl)-1-ethynyl] Benzoate (1k).A 50 mL flask under argon
was charged witHi (0.77 g, 1.49 mmol), dichlorobis(triphenylphos-
phine) palladium(ll) (21 mg, 0.030 mmol), copper(l) iodide (5.7 mg,
0.03 mmol), and triethylamine (23 mL). The solution was then stirred
and warmed to 40°C, to which was added dropwise degassed
trimethylsilylacetylene (22@L, 1.54 mmol) by syringe. The reaction
mixture was allowed to stir for 12 h at the same temperature, filtered,

organic extracts were then washed with water and dried over anhydrousand then concentrated to yield a dark oil. The oil was purified by flash

N&SOs. The solvent was removed in vacuo to provide a pale yellow
solid, which was recrystallized from MeOH to afford 4.36 g (84.8%)
of 1f as a white needle. TLG3; = 0.36 (petroleum ether/EtOAc, 1/2).
IH NMR (500 MHz, CDC}): 6 2.22 (s, 3H, Ac), 3.87 (s, 3H, MeO),
5.69 (b, 2H, NH), 7.06 (b, 1H, NH), 7.18 (b, 1H, ArH), 8.29 (s, 1H,
Ar—H). *C NMR (125 MHz, CDC4): 6 24.19, 51.81, 101.0, 111.24,
126.11, 126.26, 127.31, 148.29, 167.87, 168.43.

Methyl 5-N-Acetylamino-4-iodo-2-[3,3-diethyl-1-triazenyl] Ben-
zoate (1g).A solution of sodium nitrite (0.49 g, 7.1 mmol) in water
(4.5 mL) was cooled to OC and then added dropwise over a 10 min
period to a 0°C solution of1f (2.13 g, 6.38 mmol) and concentrated
hydrochloric acid (1.8 mL) in water (12 mL) and acetonitrile (20 mL).
The mixture was stirred for 0.5 h at®@ and then added dropwise to
a solution of diethylamine (2.33 mL, 22 mmol) and potassium carbonate
(2.9 g, 21 mmol) which was precooled to°G. During the addition,
more diethylamine (2.3 mL) was added to the reaction solution. After
addition, the mixture was warmed to room temperature for 0.5 h. During
that period, a yellow solid precipitated. Upon completion, the solution
was extracted with dichloromethane (80 mi 2). The combined

silica gel column chromatography (petroleum/EtOAc, 8/1) to afford
0.68 g (93.8%) ofLk as a colorless solid. TLG% = 0.39 (petroleum
ether/EtOAc, 5/1)*H NMR (500 MHz, CDC}): ¢ 0.30 (s, 9H, SiMg),

0.88 (t, 3H), 1.29 (b, 16H), 1.72 (m, 2H), 2.20 (s, 3H, Ac), 3.73 (b,
4H, CH), 4.26 (t, 2H, CHO), 7.49 (s, 1H, Ar-H), 7.92 (s, 1H, NH),

8.61 (s, 1H, Ar-H). *C NMR (125 MHz, CDC}): 4 0.099, 11.89,
14.27, 14.33, 22.84, 24.94, 26.16, 28.89, 29.36, 29.47, 32.00, 41.97,
49.23, 65.54, 100.18, 103.35, 114.36, 119.21, 121.61, 128.69, 136.17,
145.05, 167.85, 168.09. Anal. Calcd fopsH4N4O3Si: C, 64.16; H,
8.70; N, 11.51. Found: C, 64.14; H, 8.60; N, 11.61.

Methyl 5-N-Acetylamino-2-[3,3-diethyl-1-triazenyl]-4-[2-(1,1-tri-
methylsilyl)-1-ethynyl] Benzoate (1j). Compoundlj was prepared
from 1g (6.12 g, 14.64 mmol) as described fbk to afford a brown
oil. The oil was purified by silica gel column chromatography
(petroleum ether/EtOAc, 2/1) to afford 5.58 g (98.2%)1pfas a pale
yellow solid. TLC,R; = 0.38 (petroleum ether/EtOAc, 2/TH NMR
(500 MHz, CDC}): 6 0.30 (s, 9H, SiMg), 1.26 (b, 6H, CH), 2.20 (s,
3H, Ac), 3.73 (b, 4H, CH), 3.86 (s, 3H, MeO), 7.49 (s, 1H, AH),

7.92 (b, 1H, NH), 8.63 (s, 1H, ArH). 23C NMR (125 MHz, CDC}):

organic extracts were then washed with brine and water, dried over 6 0.39, 11.09, 14.57, 25.26, 42.08, 49.83, 52.57, 100.4, 103.85, 114.92,

anhydrous Nz5Q,, filtered, and concentrated in vacuo to yield a yellow
solid, which was recrystallized from MeOH to afford 2.39 g (86.2%)
of 1g as a colorless needle. TL& = 0.23 (petroleum ether/EtOAc,
3/2).*H NMR (500 MHz, CDC}): ¢ 1.31 (b, 6H, Me), 2.24 (s, 3H,
Ac), 3.74 (b, 4H, CH), 3.85 (s, 3H, MeO), 7.35 (b, 1H, NH), 7.86 (s,
1H, Ar—H), 8.41 (s, 1H, Ar-H). 3C NMR (125 MHz, CDC}): o

119.70, 121.96, 128.29, 136.41, 145.55, 168.19, 168.65. Anal. Calcd
for C1gH2sN4OsSi: C, 58.73; H, 7.26; N, 14.42. Found: C, 58.77; H,
7.26; N, 14.48.

Methyl 5-N-Acetylamino-2-iodo-4-[2-(1,1-trimethylsilyl)-1-ethyn-
yl] Benzoate (11).To a sealed tube were add#jd(2.39 g, 6.16 mmol)
and iodomethane (10 mL) under argon. The mixture was stirred for 12

11.09, 14.52, 24.71, 41.80, 49.20, 52.08, 93.94, 121.97, 127.15, 128.79h at 120°C. After filtration, the filtrate was concentrated to yield a

134.63, 146.74, 167.83, 167.98.
5-N-Acetylamino-4-iodo-2-[3,3-diethyl-1-triazenyl] Benzoic Acid
(1h). A solution of1g (1.4 g, 3.35 mmol) in MeOH (9 mL) was heated
to reflux, to which was added dropwise aqueous NaOH (3.7 mL, 1 N).
The resulting solution was refluxed for 0.5 h and then cooled to room
temperature. Upon cooling, water (20 mL) was introduced. The solution
was then extracted with gD, and the water phase was neutralized to
pH 3 with 1 N HCI. After filtration, the solid was dried in vacuo to
afford 1.27 g (93.8%) ofLh as a white solidH NMR (500 MHz,
CDClg): 0 1.31 (t, 3H), 1.44 (t, 3H), 2.24 (s, 3H, Ac), 3.78 (q, 2H),
3.95 (g, 2H), 7.43 (s, 1H, NH), 8.12 (s, 1H, AH), 8.71 (s, 1H, Ar
H), 13.96 (s, 1H, COOH)3C NMR (125 MHz, CDC}): ¢ 10.27,

14.36, 24.44, 43.47, 51.03, 98.62, 122.24, 125.98, 126.26, 135.98,

145.30, 166.34.

Octyl 5-N-Acetylamino-4-iodo-2-[3,3-diethyl-1-triazenyl] Ben-
zoate (1i).A solution of the white acid.h (3.0 g, 7.43 mmol), DCC
(1.6 g, 7.77 mmol), and DMAP (0.27 g, 2.21 mmol) in dichloromethane

brown oil, which was purified by silica gel column chromatography
(petroleum ether/EtOAc, 3/1) to afford 2.09 g (81.9%)of as a white
solid. TLC, Rr = 0.53 (petroleum ether/EtOAc, 2/ NMR (500
MHz, CDChL): ¢ 0.31 (s, 9H, SiMg), 2.22 (s, 3H, Ac), 3.92 (s, 3H,
MeO), 7.90 (s, 1H, ArH), 7.99 (s, 1H, Ar-H), 8.86 (s, 1H, Ar-H).
13C NMR (125 MHz, CDC4): 6 —0.041, 25.02, 52.90, 85.46, 97.90,
106.29, 116.10, 120.95, 136.03, 139.42, 143.37, 166.54, 168.25.
Octyl 5-N-Acetylamino-2-[3,3-diethyl-1-triazenyl]-4-ethynyl Ben-
zoate (1m).To a solution of the compountk (0.95 g, 1.95 mmol) in
MeOH (15 mL) was added potassium carbonate (15 mg, 0.11 mmol)
as described fotl to yield a brown oil. The oil was then purified by
silica gel column chromatography (petroleum ether/EtOAc, 2/1) to
afford 0.73 g (90.2%) ofim as a light yellow oil. TLC,R = 0.48
(petroleum ether/EtOAc, 1/1jH NMR (500 MHz, CDC}): ¢ 0.87
(t, 3H), 1.26-1.38 (m, 16H), 1.72 (m, 2H), 2.20 (s, 3H, Ac), 3.55
(s, 1H), 3.72 (b, 4H), 7.54 (s, 1H, AH), 7.91 (s, 1H, NH), 8.58
(s, 1H, Ar—H). 3C NMR (125 MHz, CDC}): ¢ 11.41, 14.28, 14.67,
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22.83, 24.94, 25.98, 26.14, 28.85, 29.48, 31.98, 32.97, 41.80, 49.26,room temperature, and then water (8 mL) was added. Upon addition,
63.06, 65.57, 79.08, 85.35, 113.56, 119.75, 122.40, 128.843, 136.17,the solution was extracted with dichloromethane (10 mRB), and the

145.08, 168.18, 168.33.

Octyl 5-N-Acetylamino-2-iodo-4-[2-(1,1-trimethylsilyl)-1-ethynyl]
Benzoate (1n).The compound was synthesized frdm (0.97 g, 1.99
mmol) by a procedure similar to that used fon to yield a light yellow
oil. The oil was then purified by silica gel column chromatography
(petroleum ether/EtOAc, 15/1, 10/1) to afford a colorless oil, which
was left standing overnight to afford 0.81 g (79.4%)lofas a white
wax. TLC, R = 0.58 (petroleum ether/EtOAc, 5/1% NMR (500
MHz, CDCL): 6 0.31 (s, 9H, SiMg), 0.88 (t, 3H), 1.29 (m, 10H),
1.78 (m, 2H), 2.22 (s, 3H, Ac), 4.32 (t, 2H, GB), 7.91 (s, 1H, NH),
7.97 (s, 1H, ArH), 8.83 (s, 1H, Ar-H). *C NMR (125 MHz,
CDCly): 6 —0.032, 14.29, 22.83, 25.00, 26.11, 28.72, 28.85, 29.38,

31.97, 66.30, 85.25, 97.94, 106.08, 115.91, 120.83, 136.66, 139.43,

143.20, 166.32, 168.20.
2-[2-(2-Methoxyethoxy) ethoxy]ethyl 2-lodobenzoate (1p)To a

solution of 2-iodobenzoic acidl) (1.26 g, 5.08 mmol) and triethyl-
amine (2.5 mL) in dichloromethane (20 mL) was added dropwise
trimethylacetyl chloride (1.8 mL) at @C. The reaction solution was
allowed to warm to room temperature and stirred for 1 h. The solution
was then cooled in an ieevater bath, to which a solution of
triethyleneglycol monomethyl ether (1.05 g, 6.40 mmol) in dichloro-

resulting organic extracts were then washed with water (10 mL), dried
over NaSQ,, filtered, and concentrated to afford 0.51 g (96.5%) of
dimer 2f as a pure pale yellow oil. TLGR = 0.39 (petroleum ether/
EtOAc, 1/3).?H NMR (500 MHz, CDC}): 6 0.88 (m, 6H), 1.2&

1.45 (m, 26H), 1.78 (m, 4H), 2.26 (s, 3H, Ac), 2.40 (s, 3H, Ac), 3.66
(s, 1H, CCH), 3.74 (b, 4H), 4.27 (m, 4H, GB)), 7.52 (s, 1H, Ar-H),

7.74 (s, 1H, ArH), 7.96 (s, 1H, NH), 8.84 (s, 1H, ArH), 9.12

(s, 1H, NH), 9.18 (s, 1H, ArH). 3C NMR (125 MHz, CDC}): ¢
14.27, 22.84, 24.69, 25.04, 26.11, 28.73. 28.91, 29.35, 29.37, 29.41,
29.49, 31.97, 32.01, 65.51, 66.22, 77.72, 87.54, 90.42, 94.60, 114.10,
114.90, 118.68, 119.60, 121.36, 121.74, 128.81, 131.61, 137.44, 137.79,
139.32, 144.59, 165.42, 168.37, 168.60, 169.82.

Dimer 2. A mixture of the acetylendq (78 mg, 0.25 mmol)1p
(112 mg, 0.28 mmol), bis(dibenzylideneacetone) palladium (4.6 mg,
0.0053 mmol), copper(l) iodide (1 mg, 0.0052 mmol), and triphen-
ylphosphine (6.9 mg, 0.025 mmol) in triethylamine (15 mL) was heated
at 70°C under argon for 12 h. The solution was concentrated to yield
a brown oil, which was purified by PTLC (Cil./acetone, 10/1) to
afford 130 mg (89.1%) o2 as a yellow solid. TLCR: = 0.34 (CHCY/
acetone, 8/1)'H NMR (500 MHz, CDC}): ¢ 1.28 (m, 6H), 2.40
(s, 3H, Ac), 3.36 (s, MeO, 3H), 3.52 (t, GB, 2H), 3.63-3.76 (m,

methane (10 mL) was added dropwise. The reaction mixture was 10H), 3.87 (m, 5H), 4.48 (t, C#D, 2H), 7.43 (t, 1H), 7.58 (m, 2H),

allowed to stir for 12 h at room temperature, washed with water, dried
over NaSQ,, filtered, and concentrated to afford a red oil. The oil was
purified by silica gel column chromatography (petroleum ether/EtOAc,
3/1) to afford 1.92 g (96.0%) ofp as a pale yellow oil. TLCR =
0.48 (CHClacetone, 10/1)H NMR (500 MHz, CDC}): ¢ 3.35
(s, 3H, MeO), 3.52 (m, 2H), 3.633.85 (m, 6H), 3.85 (t, 2H), 4.89
(t, 2H), 7.15 (m, 1H), 7.40 (m, 1H), 7.83 (d, 1H), 7.96 (d, 1MC
NMR (125 MHz, CDC}): 6 27.34, 59.16, 63.67, 64.80, 69.10, 70.78,
72.08, 94.29, 128.06, 131.26, 132.84, 15.19, 141.40, 166.51.
Methyl 5-N-Acetylamino-2-[3,3-diethyl-1-triazenyl]-4-ethynyl Ben-
zoate (1q9).To a solution oflj (0.50 g, 1.29 mmol) in methanol (8

7.71 (d, 1HJ = 7.5 Hz), 8.15 (d, 1HJ = 8.0 Hz), 8.87 (s, 1H), 9.27
(s, 1H).2°C NMR (125 MHz, CDC{): 6 24.76, 52.22, 59.22, 64.85,
69.18, 70.82, 70.86, 70.99, 72.13, 90.79, 95.60, 114.50, 119.89, 122.02,
124.17,128.14, 128.55, 130.21, 131.13, 132.73, 134.21, 137.77, 144.90,
165.85, 168.54, 169.77.

Trimer 3. Following the coupling procedure as described 2er
the mixture of the acetylengf (139 mg, 0.19 mmol)lp (102 mg,
0.26 mmol), bis(dibenzylideneacetone) palladium (3.5 mg, 0.0038
mmol), copper(l) iodide (1 mg, 0.0052 mmol), and triphenylphosphine
(5.2 mg, 0.019 mmol) in triethylamine (10 mL) was heated af@0
under argon for 5 h. The solution was then filtered and concentrated

mL) was added potassium carbonate (12 mg, 0.087 mmol). The solutionto yield a dark oil, which was purified by silica gel column chroma-

was stirred for 5 min at room temperature, diluted with water (10 mL),
and then extracted with dichloromethane (10 mR0). The pale yellow
extracts were washed with water, dried ovep8a, and concentrated
to yield an oil. The oil was purified by silica gel column chromatog-
raphy (petroleum ether/EtOAc, 1/1) to afford 0.39 g (96.2%) @fs

a pale yellow solid. TLCR: = 0.57 (petroleum ether /EtOAc, 1/3H
NMR (500 MHz, CDC}): 6 1.26 (m, 6H, CH), 2.22 (s, 3H, Ac),
3.53 (s, 1H, CCH), 3.72 (m, 4H, GH 3.86 (s, H, MeO), 7.53 (s, 1H,
Ar—H), 7.82 (s, 1H, NH), 8.62 (s, 1H, ArH). *3C NMR (125 MHz,
CDCly): 6 25.02,52.27,79.18, 85.21, 113.54, 119.84, 122.50, 128.36,
136.20, 145.29, 168.11, 168.32.

Dimer 2e. The acetylendm (0.74 g, 1.79 mmol)1n (0.76 g, 1.48
mmol), bis(dibenzylideneacetone) palladium (22 mg, 0.024 mmol),
copper(l) iodide (4.7 mg, 0.024 mmol), and triphenylphosphine (33
mg, 0.12 mmol) in dry triethylamine (20 mL) were stirred at“tOfor

tography (dichloromethane/MeOH, 30/1, 20/1) to afford 131 mg
(69.4%) of3 as a yellow solid. TLCR: = 0.45 (CHC}/acetone, 10/1).

IH NMR (500 MHz, CDC4): 6 0.88 (s, 6H), 1.39 (m, 26H), 1.74 (m,
2H), 1.82 (m, 2H), 2.42 (s, 3H, Ac), 2.45 (s, 3H, Ac), 3.36 (s, 3H,
MeO), 3.53 (m, 2H), 3.673.76 (m, 10H), 3.87 (t, 2H), 4.27(t, 2H),
4.32 (t, 2H), 4.49 (t, 2H), 7.49 (t, 1H), 7.58 (s, 1H), 7.85 (s, 1H:-Ar

H), 7.62 (t, 1H), 7.72 (d, 1H) = 7.5 Hz), 8.17 (d, 1HJ = 8.0 Hz),

8.86 (s, 1H), 9.27 (s, 1H), 9.38 (s, 1H), 9.45 (s, 1ML NMR (125

MHz, CDCL): 6 14.09, 22.65, 24.49, 24.54, 24.63, 24.68, 25.92, 25.97,
28.56, 28.70, 29.17, 29.22, 29.30, 31.79, 31.82, 59.06, 64.79, 65.28,
65.94, 68.94, 70.65, 70.68, 70.82, 71.94, 89.01, 89.85, 94.79, 97.40,
114.15, 115.57, 117.90, 121.25, 121.46, 121.52, 123.39, 128.44, 130.20,
131.09, 131.20, 132.73, 134.12, 136.84, 136.88, 137.62, 140.57, 144.45,
165.56, 165.69, 168.08, 169.68, 170.11. Anal. Calcd fH&NsO11:

C, 67.65; H, 7.60; N, 7.04. Found: C, 67.80; H, 7.63; N, 7.09.

24 h under argon. The reaction solution was then concentrated to yield  Trimer 3a. To a sealed tube were added trir8€0.23 g, 0.23 mmol)

a dark oil, which was purified by silica gel column chromatography
(petroleum ether/EtOAc, 5/1) to afford 1.05 g (88.9%) of dirBeias

a yellow solid. TLC,R = 0.63 (petroleum ether/EtOAc, 2/2H NMR
(500 MHz, CDC}): ¢ 0.33 (s, 9H, SiMg), 0.88 (m, 6H), 1.271.44
(m, 26H), 1.74 (m, 2H), 1.80 (m, 2H), 2.26 (s, 3H, Ac), 2.41 (s, 3H,
Ac), 3.76 (m, 4H, CH)), 4.27 (t, 2H), 4.33 (t, 2H), 7.55 (s, 1H), 7.75
(s, 1H), 8.03 (s, 1H), 8.84 (s, 1H), 9.16 (s, 1H), 9.22 (s, F.NMR
(125 MHz, CDC}): ¢ —0.009, 14.33, 22.87, 24.74, 25.08, 26.13, 26.19,

and iodomethane (1.5 mL). The mixture was stirred for 24 h at’C0

to yield a brown residue. The residue was then purified by silica gel
column chromatography (dichloromethane/MeOH, 15/1, 10/1) to afford
173 mg (73.7%) of3a as a yellow solid. TLCR = 0.52 (CHCY
acetone, 10/1)*H NMR (500 MHz, CDC}): 0.88 (m, 6H), 1.29
1.46 (m, 20H), 1.81 (m, 4H), 2.41 (s, 3H, Ac), 2.44 (s, 3H, Ac), 3.36
(s, 3H, MeO), 3.52 (t, 2H), 3.643.73 (m, 6H), 3.88 (t, 2H), 4.31 (m,
4H), 4.46 (m, 2H), 7.47 (t, 1H, ArH), 7.59 (t, 1H, A~H), 7.67 (d,

28.74, 28.91, 29.38, 29.40, 29.43, 29.52, 31.99, 32.04, 65.53, 66.23,1H, J = 7.5 Hz), 7.75 (s, 1H, ArH), 8.01 (s, 1H, ArH), 8.15 (d,
90.41, 94.73, 98.43, 106.47, 114.17, 118.66, 119.62, 120.79, 121.69,1H, J = 8 Hz), 9.08 (s, 1H, ArH), 9.27 (s, 1H, NH), 9.38 (s, 1H,
128.77,131.33, 136.83, 137.80, 139.06, 144.63, 165.52, 168.32, 169.88Ar—H), 9.40 (s, 1H, NH).13C NMR (125 MHz, CDC}): ¢ 14.33,

Dimer 2f. To a solution of dime®e (0.58 g, 0.72 mmol) in MeOH

22.87, 24.78, 24.81, 24.89, 26.13, 26.12, 28.72, 29.39, 29.43, 32.00,

(8 mL) and dichloromethane (1 mL) was added potassium carbonate 32.02, 59.24, 59.27, 65.01, 66.18, 66.22, 69.11, 70.85, 71.00, 72.12,

(5 mg, 0.026 mmol). The mixture was allowed to stir for 10 min at

3160 J. AM. CHEM. SOC. = VOL. 126, NO. 10, 2004

84.79, 87.83, 88.95, 97.20, 97.94, 115.87, 116.17, 117.31, 121.40,
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123.43,129.17,130.13, 131.11, 131.31, 132.98, 134.39, 135.87, 137.20168.29, 168.35, 169.81. Anal. Calcd fogssiNsOsSi: C, 65.02; H,

140.96, 141.19, 143.27, 165.57, 165.73, 166.39, 170.30, 170.36.

Tetramer 4. Following the coupling procedure as described for
trimer 3, compoundlm (31 mg, 0.075 mmol), trime3a (51 mg, 0.050
mmol), bis(dibenzylideneacetone) palladium (1 mg, 0.0011 mmol),
copper(l) iodide (0.5 mg, 0.0026 mmol), and triphenylphosphine (1.5
mg, 0.0056 mmol) in triethylamine (15 mL) were heated atCnder

7.32; N, 9.98. Found: C, 64.87; H, 7.22; N, 10.13.

Dimer 2h. To a solution of the dimeRg (0.57 g, 0.81 mmol) in
MeOH (10 mL) was added potassium carbonate (6 mg, 0.043 mmol),
and the reaction was carried out as described2faio afford 0.46 g
(90.2%) of the desire@h as a yellow oil. TLC,R; = 0.55 (petroleum
ether/EtOAc, 1/3)H NMR (500 MHz, CDC}): 6 0.88 (t, 3H), 1.29

argon for 28 h. The solution was filtered and concentrated to give a (m, 16 H), 1.74 (m, 2H), 2.26 (s, 3H, Ac), 2.42 (s, 3H, Ac), 3.65

dark oil, which was purified by silica gel column chromatography
(dichloromethane/acetone, 10/1) to give 48.5 mg (74.3%} a6 a
yellow solid. TLC,R = 0.53 (CHC}/acetone, 5/1}H NMR (500 MHz,
CDCl): 6 0.88 (m, 9H), 1.29-1.46 (m, 36H), 1.76 (m, 2H), 1.83 (m,
4H), 2.42 (s, 3H, Ac), 2.47 (s, 6H, Ac), 3.37 (s, 3H, MeO), 3.53 (m,
2H), 3.65-3.89 (m, 12H), 4.27 (m, 2H, Ci®), 4.33 (m, 4H, CHO),
4.51 (t, 2H), 7.51 (t, 1H, ArH, J = 8 Hz), 7.57 (s, 1H), 7.63 (t, 1H),
7.75 (d, 1H,J = 7 Hz), 7.82 (s, 1H), 7.86 (s, 1H), 8.20 (d, 1Bi=

7 Hz), 8.86 (s, 1H), 9.29 (s, 1H), 9.39 (s, 1H), 9.42 (s, 1H), 9.46
(s, 1H), 9.49 (s, 1H)}3C NMR (125 MHz, CDC}): ¢ 14.12, 22.66,

(s, 1H, CCH), 3.74 (b, 4H, C), 3.93 (s, 3H, MeO), 4.27 (b, 2H,
CH,0), 7.52 (s, 1H, ArH), 7.73 (s, 1H, Ar-H), 7.95 (s, 1H, NH),

8.83 (s, 1H, Ar-H), 9.09 (s, 1H, Ar-H), 9.16 (s, 1H, NH)3*C NMR

(125 MHz, CDC}): 6 14.27, 22.84, 24.71, 25.04, 26.18, 28.91, 29.37,
29.49, 32.01, 52.90, 65.54, 77.67, 87.61, 90.48, 94.54, 114.05, 115.11,
119.78, 119.58, 121.45, 121.75, 128.85, 131.06, 137.47, 139.26, 144.56,
165.83, 168.42, 168.64, 169.85.

Trimer 3b. A mixture of 2h (263 mg, 0.42 mmol).ln (300 mg,
0.58 mmol), bis(dibenzylideneacetone) palladium (7.6 mg, 0.0083
mmol), copper(l) iodide (2 mg, 0.01 mmol), and triphenylphosphine

24.54, 24.62, 24.71, 25.92, 25.98, 28.54, 28.55, 28.70, 29.18, 2924,(15 mg, 0.056 mm0|) in dry triethy|amine (28 mL) was stirred at
29.31, 31.80, 31.83, 59.07, 64.84, 65.29, 65.92, 66.09, 68.93, 70.65,70 °C under argon for 24 h. The solution was then filtered and
70.67, 70.82, 71.92, 88.17, 88.78, 89.69, 94.92, 97.14, 97.71, 114.22,concentrated to yield a brown oil, which was purified by silica gel
115.74,115.77,117.12,117.82, 119.47, 121.22, 121.35, 121.53, 123.25¢olumn (petroleum ether/dichloromethane/MeOH, 3/1/0.5) to afford

136.89, 137.00, 137.65, 140.54, 141.11, 144.41, 165.56, 165.66, 168-11ether/CHC§/acetone, 1/1/0.5¥H NMR (500 MHz, CDC}): 0.88 (m,

169.76, 170.25, 170.27. Anal. Calcd forsHegNeO14: C, 68.89; H,
7.55; N, 6.43. Found: C, 68.66; H, 7.56; N, 6.40.

Pentamer 5.A mixture of dimer2f (47 mg, 0.065 mmol), trimer
3a(50.9 mg, 0.05 mmol), bis(dibenzylideneacetone) palladium (2 mg,
0.0022 mmol), copper(l) iodide (0.5 mg, 0.0026 mmol), and triphen-
ylphosphine (3.1 mg, 0.012 mmol) in triethylamine (10 mL) was stirred
at 70°C under argon for 28 h. After removal of solvent, the resulting
residue was purified by silica gel PTLC (dichloromethane/acetone,
10/1) to afford 64 mg (60.8%) of yellow solil. TLC, Ry = 0.47
(CHCly/acetone, 5/1)*H NMR (500 MHz, CDC¥}): ¢ 0.88 (s, 12H),
1.32 (m, 46H), 1.73 (m, 2H), 1.83 (m, 6H), 2.42 (s, 3H, Ac), 2.48
(s, 9H), 3.37 (s, 3H), 3.55 (t, 2H), 3.73 (m, 10 H), 3.89 (m, 2H), 4.32
(m, 8H), 4.49 (t, 2H), 7.41 (t, 1H), 7.46 (t, 1H), 7.51 (s, 1H), 7.63 (d,
1H, J = 8.0 Hz), 7.75 (s, 1H), 7.78, 7.80 (d, 2H), 8.15 (d, 1H=
7.5 Hz), 8.82 (s, 1H), 9.20 (s, 1H), 9.33, 9.36, 9.38, 9.39 (q, 4H), 9.42
(s, 1H), 9.43 (s, 1H)13C NMR (125 MHz, CDC}): ¢ 14.12, 22.68,

6H), 1.29-1.46 (m, 26H), 1.75 (t, 2H), 1.81 (t, 2H), 2.26 (s, 3H, Ac),
2.42 (s, 6H, Ac), 3.75 (b, 4H), 3.92 (s, 3H, MeO), 4.29 (m, 4H ,OH

7.54 (s, 1H, Ar-H), 7.73 (b, 2H, Ar-H), 8.01 (s, 1H, NH), 8.87

(s, 1H, Ar-H), 9.17 (s, 1H), 9.22 (s, 1H, NH), 9.32 (s, 1H, NH), 9.34
(s, 1H, Ar—H). 13C NMR (125 MHz, CDC}): 6 —0.05, 14.28, 22.85,
24.74, 24.79, 25.00, 26.12, 26.18, 28.71, 28.92, 29.35, 29.38, 29.42,
29.50, 31.97, 32.02, 52.82, 65.47, 66.35, 88.58, 89.97, 94.96, 97.15,
98.18, 106.76, 114.27, 115.95, 116.03, 117.84, 118.11, 119.59, 120.96,
121.39, 121.74, 128.66, 130.57, 136.91, 137.82, 139.64, 140.66, 144.58,
165.41, 166.11, 168.30, 168.39, 169.89, 170.38.

Hexamer 6. To a solution of3b (30 mg, 0.029 mmol) in MeOH
(3 mL) was added potassium carbonate (0.5 mg, 0.0036 mmol). The
reaction solution was stirred for 10 min at room temperature, and then
water (5 mL) was introduced. Upon addition, the mixture was extracted
with chloroform (5 mLx 3), and the combined organic extracts were
washed with water, dried over 80, and concentrated to yield 26

24.68, 24.75, 25.96, 28.58, 28.74, 29.21, 29.29, 29.33, 31.83, 59.05,mg of a yellow oil. The oil was a single spot on a TLC plate and was
64.88, 65.25, 65.92, 66.08, 66.14, 68.96, 70.67, 70.70, 70.84, 71.96,ysed for the next step without purification. To the above oil (26 mg,
115.74,115.80, 115.92,117.02,117.08, 117.78, 119.40, 121.08, 12119(d|benzy||deneacetone) pa||ad|um (08 mg, Woo’ Copper(|) jodide
121.28, 121.37, 121.44, 123.19, 128.32, 130.01, 130.69, 130.81, 131.08(0 5 mg, 2.6umol), triphenylphosphine (2.1 mg, 0.008 mmol), and
131.15, 132.60, 136.60, 136.89, 137.10, 140.59, 141.07, 141.22, 144.28riethylamine (20 mL). The reaction mixture was then stirred at@0
165.45, 165.58, 168.03, 169.75, 170.25, 170.27, 170.35. Anal. Calcd ynder argon for 24 h. After removal of solvent, the resulting residue

for CosH121N;O17 C, 69.65; H, 7.52; N, 6.05. Found: C, 69.43; H,
7.55; N, 5.90.

Dimer 2g. A mixture of 11 (0.52 mg, 1.25 mmol)lm (0.58 g, 1.40
mmol), bis(dibenzylideneacetone) palladium (21 mg, 0.023 mmol),
copper(l) iodide (4.4 mg, 0.023 mmol), and triphenylphosphine (31
mg, 0.12 mmol) in triethylamine (30 mL) was stirred at 40 under

was purified by PTLC (chloromethane/acetone, 10/1) to afford 28 mg
(72.7%) of hexameb as a yellow solid. TLCR = 0.45 (CHCY
acetone, 3/1)*H NMR (500 MHz, CDC}): ¢ 0.88-0.96 (m, 18H),
1.13 (b, 3H), 1.26:1.40 (m, 40H), 1.49 (m, 3H), 1.65 (m, 2H), 1.86
(m, 6H), 2.44-47 (m, 15H, Ac), 3.22 (b, 2H), 3.37 (s, 3H, MeO),
3.53 (m, 4H), 3.65 (m, 2H), 3.69 (m, 2H), 3.73 (m, 2H), 3.88 (t, 2H),

argon for 12 h. The solution was then filtered and concentrated to yield 3.93 (s, 3H, MeO), 3.94 (s, 3H), 4.14 (t, 2Bl= 5 Hz), 4.31 (m, 6H),

a brown residue, which was purified by silica gel column (petroleum/
EtOAc, 3/2) to afford 0.81 g (92.4%) of the dim2g as a yellow solid.
TLC, R = 0.43 (petroleum ether/EtOAc, 1/2%H NMR (500 MHz,
CDClL): ¢ 0.33 (s, 9H, SiMg), 0.88 (t, 3H), 1.29 (m, 16 H), 1.74
(t, 2H, CH), 2.25 (s, 3H, Ac), 2.42 (s, 3H, Ac), 3.75 (b, 4H, @H
3.94 (s, 3H, MeO), 4.27 (t, 2H, G®), 7.54 (s, 1H, ArH), 7.75

(s, 1H, Ar—H), 8.03 (s, 1H, NH), 8.88 (s, 1H, ArH), 9.12 (s, 1H,
Ar—H), 9.21 (s, 1H, NH)13C NMR (125 MHz, CDC}): ¢ —0.032,

4.45 (t, 2H,J = 4 Hz), 6.87 (b, 1H, Ar-H), 7.08 (b, 1H, Ar-H), 7.38

(b, 2H), 7.69 (s, 1H, ArH), 7.73 (s, 1H, Ar-H), 7.80 (s, 1H, Ar-H),

7.82 (s, 1H, Ar-H), 7.98 (d, 1H, Ar-H, J = 7.5 Hz), 8.75 (s, 1H,
Ar—H), 8.95 (b, 1H), 9.05 (m, 3H), 9.23 (b, 1H), 9.37 (s, 1H), 9.42
(ts, 3H).13C NMR (125 MHz, CDCY): 6 14.11, 14.14, 22.66, 22.71,
24.65, 24.72, 25.75, 26.01, 28.54, 28.56, 28.68, 29.22, 29.32, 29.38,
29.39, 31.83, 31.86, 52.64, 59.01, 64.86, 64.98, 66.08, 66.13, 66.22,
68.96, 70.64, 70.66, 70.76, 71.93, 78.03, 87.69, 87.74, 87.79, 88.09,

14.29, 22.85, 24.72, 25.03, 26.18, 28.91, 29.38, 29.50, 32.02, 52.89,89.51, 94.43, 97.34, 97.68, 97.73, 97.98, 113.58, 115.77, 115.79, 115.85,
65.50, 90.50, 94.61, 98.40, 106.57, 114.10, 118.76, 119.64, 120.90,115.89, 117.02, 117.12, 117.85, 118.65, 120.62, 120.79, 122.69, 128.52,
120.90, 121.71, 128.86, 130.84, 136.84, 137.79, 139.03, 144.62, 165.94129.09, 129.45, 130.05, 130.11, 130.24, 130.65, 132.20, 134.29, 136.80,

J. AM. CHEM. SOC. = VOL. 126, NO. 10, 2004 3161



ARTICLES Yang et al.

137.19, 137.47, 140.39, 140.97, 141.11, 143.48, 164.76, 164.81, 164.89Ac), 2.27 (s, 3H, Ac), 1.28 (br, 6H, G MS m/z calcd for
164.99, 165.50, 167.94, 169.87, 170.27, 170.32, 170.40, 170.45. Anal.Ci2gH158N10042 (M) 2507.05; found (M+ 2H)?" 1255; (M + H +
Calcd for GogH1zdNsOz0: C, 69.33; H, 7.14; N, 6.10. Found: C, 69.26; Nay*t 1266; (M + 2Nay* 1277.

H, 7.21; N, 5.87. _ _ S Ab Initio and Molecular Mechanics Calculations. The ab initio
Heptamer 7. To a sealed tube fitted with a magnetic stirring bar  computations were carried out using the Gaussian 98 revision A.9
were addedba (24 mg, 1.30x 1072 mmol), 2i (31 mg, 3.90x 107 program. The geometry of each conformation was optimized at the

mmol), Pd(dba) (3.1 mg, 3.90x 10°° mmol), Cul (ca. 0.8 mg, B3LYP/6-31G(d,p) level. The two optimized structures were used to
4.20 x 1073 mmol), PhP (1.5 mg, 5.72< 10~* mmol), and a mixed compute the single-point energy at the MP2/6-31G(d) level. One of
dry solvent of acetonitrile/triethylamine (2:1) (3 mL). The mixture was the G-Ph bonds of the optimized conform2a was rotated 180to
degassed three times, back-filled with nitrogen, and gradually heated. obtain the structure of conform@c’. The same was done for conformer
At ~60 °C, the tube was sealed and allowed to react for 2 days at 2¢ to obtain a structure 24

75 °C. After belng cooled to room temperature, the mixture was diluted  \jolecular mechanics calculations were carried out using the CaChe
with methanol, filtered, and concentrated. The brown residue was program (version 3.22). Energy-minimized conformations of the

dissolved in a mixed solvent of CHZEtAc/MeOH (10:1:0.5) and  coresponding tetramer, pentamer, and hexamer were obtained using
subjected to flash chromatography with gradient elution (10:1:0.5, tne MM3 force field.

10:1:0.8, 10:1:1, and 10:1:1.2). After several impurity bands, the last
yellow band was collected? 0.15; developing agent, CHZEtAc/ Acknowledgment. This work was supported by grants from
MeOH 10:1:1.2), and a faint-brown solid was provided after removing the NSF (CHE-0314577), NIH (R0O1GM63223), and ONR

the solvent (7.1 mg, 21.7%). THEl NMR spectrum in CDGIshowed (N000140210519), and by the Research Computing Facility at
a broad signal in the amide and aromatic regithNMR (500 MHz, UNL.

DMSO-ds/CDs0D(60/40)): 6 7.25-6.68 (br, 15H, Ar), 4.40 (br, over-
lapped, CH)), 3.50-3.70 (br, CH), 3.26 (m, 21H, CH), 2.60 (m, 18H, JA039416D
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